[1] A simple bundle of capillary tubes model has been used to investigate electrokinetic coupling during the flow of water and an immiscible second phase such as air or oil. It is shown that the total electrokinetic coupling is the sum of the individual phase contributions. The electrokinetic coupling depends on the capillary size distribution and wettability. When water is the wetting phase and the second phase is nonpolar and does not contain an excess of charge, the relative coupling decreases with decreasing water saturation. Similar behavior has been observed in geologic porous media. However, when water is not the wetting phase, the coupling increases with decreasing water saturation before falling sharply to zero at the irreducible water saturation. This behavior has not been predicted before. If water is the only phase that contains an excess of charge, then the electrokinetic coupling can be described in terms of the water relative permeability and relative electrical conductivity. The model predictions suggest that multiphase electrokinetic coupling in geologic porous media depends on rock type and wettability and can be described in terms of commonly measured petrophysical properties. However, the predictions should be applied with caution because the pore space topology and pore occupancy of the model is very simple. Moreover, if the second phase is polar and contains an excess of charge, preliminary work suggests that the multiphase coupling can be significantly enhanced.
Introduction
[2] The simultaneous flow of multiple immiscible fluids in geologic porous media occurs in the vadose zone, hydrocarbon reservoirs, and contaminated aquifers. Monitoring and characterizing these flows is important, and it has been suggested that measurements of spontaneous potential could be used for this purpose [e.g., Beamish and Peart, 1998; Perrier and Morat, 2000; Doussan et al., 2002; Fagerlund and Heinson, 2003; Jackson et al., 2005; Chen et al., 2006; Saunders et al., 2006 Saunders et al., , 2008 . To properly interpret the measurements, it is essential to have a good understanding of the electrokinetic contribution to the spontaneous potential. However, the nature of the electrokinetic coupling during multiphase flow is poorly understood, particularly if water is not the wetting phase, or other phases contribute to the electrokinetic signal.
[3] Spontaneous potentials in porous media arise from the electrical double layers which form at solid-fluid interfaces [e.g., Hunter, 1981] . The solid surfaces can become electrically charged, in which case a diffuse layer in the adjacent fluid is formed which contains an excess of countercharge.
If more than one fluid phase is present in the pore space, additional double layers may form at fluid-fluid interfaces [e.g., Hunter, 1981] . If the fluid is induced to flow by an external potential gradient, then some of the excess charge within the diffuse layers is transported with the flow, giving rise to a streaming current. Accumulation of charge associated with divergence of the streaming current density establishes an electrical potential, termed the streaming potential. This is one contribution to the spontaneous potential; others may be chemical or thermal in origin [e.g., Marshall and Madden, 1959; Corwin and Hoover, 1979; Revil, 1999; Revil et al., 2005] .
[4] A key macroscopic parameter describing the streaming potential which arises for a given fluid potential is the streaming potential coupling coefficient C, which relates the fluid (rP) and electrical (rV) potential gradients when the total current density is zero [e.g., Sill, 1983] rV ¼ ÀCrP ð1Þ
and which can be used to predict the magnitude of the streaming current generated by a given fluid potential gradient
where j is the streaming current density, and s is the electrical conductivity of the saturated porous medium (see Table 1 for a summary of the nomenclature). The coupling coefficient depends upon the dielectric constant of the fluid, the viscosity of the fluid, the zeta potential (which is the microscopic electrical potential associated with the excess of charge in the diffuse layer), and the relative contributions of bulk and surface electrical conductivity within the pore space [e.g., Hunter, 1981; Jouniaux and Pozzi, 1995; Revil et al., 1996 Revil et al., , 1999a Revil et al., , 1999b Lorne et al., 1999] .
[5] When more than one fluid phase is present in the pore space, a streaming current may be associated with each phase p, which can be described by
where s is now a function of the phase saturations. The total streaming current is given by the sum of the individual phase contributions. The coupling coefficient for each phase will depend upon the properties of the phase and the porous media, and additionally upon the microscopic distribution of the phases within the pore space.
[6] Previous studies have considered the case of porous media saturated with water and a nonpolar, nonwetting phase such as air, in which case equation (3) is required for the water phase only and can be written as j w ¼ Àss r CC r rP w ð4Þ where C and s are the coupling coefficient and electrical conductivity, respectively, when the porous medium is fully saturated with water (S w = 1) and C r and s r are the relative coupling coefficient C r = C(S w )/C(S w = 1) and relative electrical conductivity s r = s(S w )/s(S w = 1) at partial saturation [e.g., Revil and Cerepi, 2004] . This approach to handling the coupling coefficient and electrical conductivity at partial saturation is analogous to that used to handle permeability at partial saturation, where a relative permeability k rp = k p /k is defined for each phase in terms of the phase permeability k p and the total permeability k of the porous media [e.g., Dullien, 1992] . The relative electrical conductivity is given by Archie's law for a partially saturated porous medium, and can be expressed as
where the value of n depends upon the pore-scale distribution of the fluid phases. Equation (5) is valid when the surface electrical conductivity is negligible and the nonwater phase (typically, a gas or oil) is an electrical insulator [Dullien, 1992] .
[7] The relative coupling coefficient is poorly understood. Until recently, it was thought that the presence of air within the pore space enhanced the electrokinetic coupling, by reducing the effective conductive cross-sectional area of the pores, so decreasing the rock conductivity without impacting on the flow [Morgan et al., 1989; Sprunt et al., 1994] . However, recent experimental results suggest that the coupling coefficient decreases with decreasing water saturation [Guichet et al., 2003; Revil and Cerepi, 2004; Revil et al., 2007] . At least six different expressions for the multiphase coupling coefficient in air-water systems have been published [Wurmstich and Morgan, 1994; Antraygues and Aubert, 1993; Perrier and Morat, 2000; Guichet et al., 2003; Revil and Cerepi, 2004; Linde et al., 2007; Revil et al., 2007] . It is likely that none of these expressions is general to all multiphase flow problems. For example, although gaseous hydrocarbons are likely to behave in a similar manner to air, liquid hydrocarbons may not; in many geologic porous media, oil is the wetting phase rather than water, and some oils are polar and may contain an excess of charge [e.g., Alkafeef and Alajmi, 2006] .
[8] The aim of this paper is to characterize the multiphase streaming potential coupling coefficient using a simple bundle of capillary tubes model saturated by a wetting phase and an immiscible nonwetting phase. A capillary tubes model is not a good representation of the pore space of most geologic porous media. However, it has been used to provide valuable insight into single-phase and multiphase transport in porous media in a variety of geologic contexts [e.g., Dullien, 1992, and references therein; Hui and Blunt, 2000; van Dijke et al., 2001; Jackson and Blunt, 2002] and insight into the streaming potential generated by twophase flow in a single capillary [Sherwood, 2007] . An extension to multiphase flow in multiple capillaries of different radius is logical. A bundle of capillary tubes model allows the identification of fundamental relationships between the multiphase coupling coefficient and other macroscopic transport parameters such as relative permeability and electrical conductivity. Each of these can be obtained directly from the model. It can also be used to investigate how the electrokinetic coupling is affected by wettability variations and the presence of excess charge in the nonwetting phase.
Model Formulation
[9] The model is a simple extension of the bundle of capillary tubes approach of Ishido and Mizutani [1981] to the case where each capillary can have a different radius r c (Figure 1 ). There are N capillaries in total, within a model of length L and area A. All capillaries have the same orientation, and there are no intersections between capillaries, so the macroscopic mass and charge transport is in one direction only. Each capillary is described by a crosssectional area to flow A c = pr 2 , length L c and tortuosity t c = L c /L, which is the same as the tortuosity term in the Carman-Kozeny model [e.g., Dullien, 1992] . We define n(r c )dr c to be the number of capillaries of radius between r c and r c + dr c , such that
where r min is the minimum capillary radius and r max is the maximum capillary radius . The effective length of the capillaries is assumed to be independent of the capillary radius, so an average tortuosity t can be defined for the model. It is trivial to extend the analysis to the case where tortuosity is correlated to the capillary radius, but this extra complexity does not make the model any more representative of real porous media or affect the key results.
[10] The porosity f and permeability k of the model can now be defined in terms of the properties of each capillary. The volume of a single capillary is pr c 2 L c ; integrating over all capillaries to obtain the total capillary volume and dividing by the model volume yields
The volumetric flow rate through a single capillary is given by Poiseuille's law
where DP/L c is the fluid potential gradient along the capillary, and we neglect the impact on flow of the electrical potential gradient along the capillary [Bernabé, 1998 ]. This is reasonable if the electrical potential is electrokinetic in origin [e.g., Ishido and Mizutani, 1981; Morgan et al., 1989; Bernabé, 1998 ]. Other thermodynamic potentials are assumed to be negligible. Integrating equation (8) over all capillaries yields the total volumetric flow rate through the model; equating this with Darcy's law
and substituting equation (7) Equations (7) and (10) simplify to those presented by Ishido and Mizutani [1981] and Dullien [1992] for the case where all capillaries have the same radius r.
[11] We now consider multiphase flow of a wetting phase w and a nonwetting phase nw. The phases are immiscible. We assume that the phase occupancy of capillaries is dictated by capillary equilibrium, which is reasonable for the low flow rates and small pore radii typical of geologic systems [e.g., Dullien, 1992] . Each capillary is occupied by a single mobile phase. Capillaries occupied by the nonwetting phase also contain a thin layer of the wetting phase. These wetting layers are immobile and volumetrically insignificant; they do not contribute to the irreducible wetting phase saturation or to flow of the wetting phase. They are included because they may contribute to the surface electrical conductivity and also control the development of a double layer in the nonwetting phase [e.g., Alkafeef et al., 1999 Alkafeef et al., , 2001 Revil 1999; Revil et al., , 1999b Revil et al., , 2007 . Their presence is neglected in the calculation of the wetting phase saturation and the hydraulic conductivity of each capillary. This is reasonable given that wetting layers only contribute significantly to flow in real geologic porous media when the wetting phase saturation is small and the phase no longer occupies a connected network of pores [e.g., Lenormand et al., 1983; Lenormand and Zarcone, 1984; Dullien et al., 1989] . This situation is not encountered in the capillary tubes model. Pfannkuch [1972] and Ishido and Mizutani [1981] ).
[12] The phase occupancy of the capillaries at equilibrium is easy to predict, because it is dictated only by capillary forces. The capillary entry pressure for the nonwetting phase increases with decreasing capillary radius, so small capillaries are occupied by the wetting phase, and large capillaries are occupied by the nonwetting phase [e.g., Dullien, 1992; Hui and Blunt, 2000; van Dijke et al., 2001] . For a given phase occupancy, phase saturations and transport properties can be described in terms of the properties of each capillary. Integrating over the volume of capillaries occupied by the wetting phase, and dividing by the total volume of capillaries, yields the wetting phase saturation 
where r wmax is the radius of the largest capillary occupied by the wetting phase. The nonwetting phase saturation is given by S nw = 1 À S w . Integrating over the volumetric flow rate through each capillary occupied by the wetting phase, and dividing by the total volumetric flow rate through all capillaries, yields the relative permeability of the wetting phase 
The relative permeability of the nonwetting phase is given by k rnw = 1 À k rw for the capillary tubes model, which can be confirmed by integrating over the volumetric flow rate through each capillary occupied by the nonwetting phase to obtain the analogous expression to equation (12).
[13] The specific electrical conductivity of the model s is given by the sum of the bulk and surface electrical conductivities through the capillaries, recalling that capillaries may be occupied by either the wetting or nonwetting phase. The bulk conductivity describes the transport of charge through the electrically neutral fluid, away from any electrical double layers. The surface conductivity describes the transport of charge along solid-fluid and fluid-fluid interfaces. The charge at these interfaces may be more easily transported than the charge in the bulk fluid, especially if the charge density in the bulk fluid is low [e.g., Pfannkuch, 1972; Bussian, 1983; Glover et al., 1994; Revil and Glover, 1998 ].
[14] The bulk conductivity within a single capillary is given by [Pfannkuch, 1972] 
where s p is the specific conductivity of the fluid occupying the capillary. The surface conductivity within a single capillary is given by [Pfannkuch, 1972] 
where s sp is the specific surface conductivity of the capillary occupied by fluid phase p, and noting that the specific internal pore surface for a circular capillary is given by 2/r c . We do not attempt to describe the origin of the surface conductivity in detail [see, e.g., Revil and Glover, 1998 ]. However, we do note that in capillaries occupied by the wetting phase, surface conductivity occurs only at the interface between the wetting phase and the solid, in which case s sw denotes the specific surface conductivity of this interface. In capillaries occupied by the nonwetting phase, surface conductivity again occurs at the interface between the thin wetting phase layer and the solid. However, in this general model, we assume that surface conductivity may also occur at the interface between the wetting phase and the nonwetting phase. Consequently, in capillaries occupied by the nonwetting phase, s snw denotes the effective surface conductivity due to solid-fluid and fluid-fluid interfaces. We assume that the radius of the interfaces is approximately r c , which is reasonable given the thin nature of the wetting layers.
[15] Integrating once again over capillaries occupied by the wetting and nonwetting phase and substituting equations (7) and (11) yields
This is a general expression for the multiphase electrical conductivity of a bundle of capillary tubes saturated with a wetting and a nonwetting phase. It reduces to that presented by Pfannkuch [1972] and Ishido and Mizutani [1981] for the case where all capillaries have the same radius r and are occupied by the wetting phase (S w = 1).
Electrokinetic Coupling
[16] To describe the electrokinetic coupling, we need the streaming current induced by fluid flow I x , and the conduction current I c which results from the streaming potential. The conduction current is given by Ohm's law
where DV is the streaming potential difference across the model and the electrical conductivity s is given by equation (15).
[17] To describe the streaming current, we assume that there can be an electrical double layer within the wetting phase at solid-fluid and fluid-fluid interfaces and within the nonwetting phase at fluid-fluid interfaces. By definition, there are no solid-fluid interfaces for the nonwetting phase. The nature of the electrical double layers will depend upon the properties of the solid and fluid phases. We assume that the excess charge associated with the double layers is uniform within a given phase but can be different between phases. The double layers will not be described in detail; rather, it will simply be assumed that each capillary occupied by the wetting phase contains an excess charge per unit wetting phase volume Q w and each capillary occupied by the nonwetting phase contains an excess charge per unit nonwetting phase volume Q nw . This treatment is consistent with the description of surface conductivity in section 2, which also depends upon the nature of the electrical double layers. The excess charge is defined to be that which can be transported with the flow, and in the context of classical double layer theory, would be the fraction of excess charge located within the diffuse layer [e.g., Revil and Leroy, 2004; Revil et al., 2007] .
[18] The streaming current I cxp through a single capillary occupied by phase p is then given by
where we neglect the impact on the streaming current of the electrical potential difference along the capillary [Bernabé, 1998 ]. We define the streaming current associated with each phase by integrating over the capillaries occupied by that phase
Using equation (2), and the definitions of electrical conductivity (equation (15)), wetting phase saturation (equation (11)) and porosity (equation (7)), yields the streaming potential coupling coefficient for each phase The total streaming current is given by the sum of the individual phase contributions. In the bundle of capillary tubes model at capillary equilibrium, the pressure drop DP across the model is the same in the wetting and nonwetting phases because the macroscopic capillary pressure is constant. The total streaming current is therefore given by
At steady state there is no accumulation of charge, so the net current is zero and I x = ÀI c . Equating equations (16) and (20) and using the definitions of the streaming potential coupling coefficient (equation (1)), electrical conductivity (equation (15)), wetting phase saturation (equation (11)), and porosity (equation (7) This is a general expression for the multiphase streaming potential coupling coefficient of a bundle of capillary tubes saturated with a wetting and a nonwetting phase. It is the sum of the individual phase coupling coefficients (equation (19)).
In section 4, we apply equation (21) We first consider water-wet capillaries saturated with water and a nonwetting, nonpolar phase such as air or hydrocarbon gas. This model is applicable to flow in the vadose zone, gas reservoirs associated with water influx, and also water-wet oil reservoirs or contaminated aquifers in which the oil or nonaqueous phase is nonpolar and so does not contain electrical charge carriers. The excess charge within the water Q w may be located partly in an electrical double layer at the solid-water interface and partly in a second double layer at the water-gas or water-oil interface [e.g., Hunter, 1981; Stachurski and Michal -ek, 1996; Beattie and Djerdjev, 2004] .
[20] We begin by setting Q nw = s nw = 0 in equation (20) to capture the nonpolar and nonconductive nature of the nonwetting phase. The wetting layer of water contributes to the surface electrical conductivity even in capillaries occupied by the nonwetting phase [e.g., Revil 1999; Revil et al., , 1999b Alkafeef et al., 1999 Alkafeef et al., , 2001 ], and we capture this by setting s snw = s sw . This is a reasonable approach if the presence of the nonwetting phase does not modify surface conductivity at the solid-water interface. We can now describe the streaming potential coupling coefficient at saturation S w = 1 (so r wmax = r max ), where the subscript w denotes the wetting water phase 
Substituting equations (10) and (15) yields
where s(S w = 1) denotes the electrical conductivity when the capillaries are saturated with water. The relative streaming potential coupling coefficient at partial saturation S w is given by
where the surface conductivity term at partial saturation is integrated over all capillaries to capture the contribution of the ubiquitous wetting layer. Substituting equation (11) for the water relative permeability and using equation (15) to write the relative electrical conductivity s r (S w ) as
equation (24) simplifies to
This expression is the same as that presented by Perrier and Morat [2000] , which was based on simple scaling arguments. Note that in the limit of negligible surface conductivity (Dukhin number Du ! 0), the relative electrical conductivity (equation (25)) reduces to s r = S w , which is Archie's law (equation (5)) with n = 1. In the limit that surface conductivity dominates (Du ! 1), the relative electrical conductivity is independent of saturation, which is expected because water wetting layers allow surface conductivity at the solid-water interface regardless of whether capillaries are occupied by the wetting or nonwetting phase. A similar result was obtained by Revil et al. [2007] .
[21] Equation (23) is the same as the expression for the coupling coefficient at saturation presented by Revil and Cerepi [2004] , Linde et al. [2007] and Revil et al. [2007] . However, equation (26) is different to the expression for the relative coupling coefficient presented by Revil and Cerepi [2004] , and that presented by both Linde et al. [2007] and Revil et al. [2007] . At partial saturation, they scaled the excess charge density in the water Q w by 1/S w , which yields an extra factor of S w in the denominator of equation (26). They argued that the excess charge per unit volume of water scales with the water saturation, because the same total charge within a representative elementary volume (REV) of the porous medium is held within a smaller volume of water as the water saturation decreases (see Figure 1 of Revil et al. [2007] and associated text).
[22] We can apply this approach to the capillary tubes model, defining Q rev to be the average charge density per unit volume of water within an REV of length L and crosssectional area A (Figure 1) . If the total excess charge within the REV is F, then the average excess charge per unit volume of water within the REV is given by the total excess charge divided by the total volume of water-occupied capillaries
At saturation, all capillaries are occupied by water, and the excess charge density per unit volume of water within the REV is given by the total excess charge divided by the total volume of capillaries
Combining equations (27), (28), and (11) yields
[23] The bundle of capillary tubes model yields the same scaling of excess charge density per unit volume of water, averaged over an REV at partial saturation, as used by Revil and Cerepi [2004] , Linde et al. [2007] , and Revil et al. [2007] . However, this is not the same as the excess charge density Q w transported by the flow of water, because of the heterogeneous distribution of water (and hence charge) within capillary tubes of different size. In small capillaries occupied by water (r c < r wmax ), the excess charge density transported by the flow is Q w . In large capillaries occupied by the nonwetting phase (r c > r wmax ), the excess charge density transported by the flow is zero, although there is a high charge density within the immobile wetting layers of water. Thus, the excess charge density transported by the flow of water is Q w , and the effect of partial saturation is accounted for purely by adjusting the hydraulic conductivity to reflect the reduced capillary occupancy of water. In the continuum description, this is handled by the relative permeability term; there is no need to scale the charge density.
[24] The capillary tubes model demonstrates that the excess charge transported by multiphase flow depends upon the pore-scale distribution of the fluid phases. This is easy to predict in the capillary tubes model, which is why the model is so useful. However, it is complex and difficult to predict in real geologic porous media. Moreover, although an REV approach can be used to calculate the excess charge density transported by single-phase flow, it cannot be used to calculate the charge density transported by multiphase flow, because this depends upon the pore-scale distribution and flow of each phase.
[25] Given the very simple nature of the capillary tubes model, it is unlikely that equation (26) applies to real geologic porous media. For example, the model does not capture the flow of excess charge within wetting layers of water in pores occupied by the nonwetting phase. This may be significant at low values of water saturation, when a connected network of water-occupied pores is no longer present [e.g., Lenormand et al., 1983; Lenormand and Zarcone, 1984; Dullien et al., 1989] . We note that a ð24Þ B04201 JACKSON: MULTIPHASE ELECTROKINETIC COUPLING reasonable match to the experimental data of Revil et al. [2007] at high values of water saturation can be obtained using equation (26), but the coupling appears to be underestimated at lower values of water saturation (Figure 2 ). This may reflect the contribution of flow in wetting layers. However, the data are too sparse to be conclusive. Additional experimental data is essential to determine the nature of multiphase electrokinetic coupling in real geologic porous media.
[26] Equation (26) is also different to the expressions for the relative coupling coefficient presented by Wurmstich and Morgan [1994] and . They assumed that the nonwetting phase forms bubbles within the pore space, rather than being distributed as a continuous phase. In this case, the streaming current is not significantly affected by the presence of the nonwetting phase because the bubbles are transported with the flow of water. Only the electrical conductivity is affected, and both papers suggest that the relative coupling coefficient is proportional to 1/s rw , which is consistent with equation (26) if the relative permeability to water is not reduced by the presence of the nonwetting phase. Gas transport in bubbles through porous media occurs in some geologic systems, and the streaming potential resulting from the flow of bubbles through a single capillary has been analyzed by Sherwood [2007] . However, in this paper we focus on systems where the wetting and nonwetting phases are continuously distributed within the pore space at capillary equilibrium.
[27] For a given frequency distribution of capillary radii, the relative permeabilities, relative electrical conductivity, and relative coupling coefficient can be predicted as a function of saturation. As an example, we assume a frequency distribution that is related to the capillary radius by a simple function of the form
where D is a constant and 0 < m < 1. For m = 0, the capillary radii are uniformly distributed between r min and r max . As m increases, the frequency distribution becomes skewed toward smaller capillary radii (Figure 3 ). Many geologic porous media exhibit similarly skewed pore size distributions [e.g., Dullien, 1992] . This approach allows us to investigate in a simple, quantitative way the effect on the relative coupling coefficient of changing the capillary size distribution. The relative coupling coefficient calculated using equations (11), (24), and (30) is shown as a function of water saturation, for a variety of values of m, in Figure 4 . The relative importance of bulk and surface electrical conductivity is investigated by assuming one or the other dominates (Du = 0 or 1); this yields the upper and lower bound on the relative coupling coefficient for a given capillary size distribution (compare solid and dashed lines).
[28] The relative coupling coefficient decreases with decreasing water saturation, regardless of whether bulk or surface electrical conductivity dominates. At S w = 0 the relative coupling coefficient is not defined by equation (26), because both the relative permeability and electrical conductivity fall to zero; on physical grounds, the electrokinetic coupling must also be zero because there is no flow of water and so no streaming current. Similar behavior has been recorded in experiments on real geologic porous media [Guichet et al., 2003; Revil and Cerepi, 2004; Revil et al., 2007] . However, the bundle of capillary tubes model allows no capillary trapping; in geologic porous media, the relative coupling coefficient is zero at the irreducible water saturation S w = S wirr [Revil and Cerepi, 2004] . This irreducible (or connate) water is trapped in the crevices of irregularly shaped pores, by clay minerals, or in small pores not occupied by the nonwetting phase [e.g., Dullien, 1992] .
[29] We can account for this water in the model by setting a minimum radius of capillaries r nwmin which can be occupied by the nonwetting phase. Capillaries smaller than this are occupied by water which is immobile, so does not contribute to the streaming current, but is electrically conductive, so does contribute to the conduction current. The nature of the relative coupling coefficient is not significantly affected; the curves are simply stretched or contracted along the water saturation axis, falling to zero at the chosen irreducible water saturation (Figures 4c -4d ). This behavior would be expected if the irreducible water contributed to neither the streaming nor conduction currents, so its contribution to the conduction current must be small.
[30] The variation in relative coupling coefficient with saturation depends upon the capillary size distribution. As m increases and the capillary size distribution becomes skewed toward smaller capillaries (Figure 3) , the relative coupling coefficient is smaller for a given water saturation (Figure 4) . This is because the water occupies a larger number of Figure 2 . Relative coupling coefficient as a function of water saturation, predicted using this model (equation (26); solid line) and the model of Revil et al. [2007] (equation (26) with an extra factor of S w in the denominator; dashed line) and measured experimentally by Revil et al. [2007] during primary drainage of water by nitrogen in a water-wet dolomite sample. Predicted curves assume that the relative electrical conductivity is given by Archie's law (equation (5)) with n = 2.7, and the water relative permeability is given by k rw = ((S w À S wirr )/(1 À S wirr )) (2+3l)/l with S wirr = 0.36 and l = 0.87. Values of n, S wirr , and l were obtained by Revil et al. [2007] from their experimental data.
smaller capillaries, which yields a smaller relative permeability and hence a smaller streaming current. The electrical conductivity, whether dominated by bulk or surface conductivity, is not affected by the capillary size distribution, so remains the same for a given saturation. Consequently, capillary size distributions skewed toward smaller capillaries yield smaller relative coupling coefficients.
[31] The relative coupling coefficient for a given water saturation is higher if bulk electrical conductivity dominates, and lower if surface conductivity dominates (Figure 4) . This finding is supported, at least qualitatively, by the experimental data of Revil and Cerepi [2004] . They measured a higher relative coupling coefficient for a given value of water saturation in a dolomite sample in which surface conductivity was interpreted to be less significant (their dimensionless parameter R < 1), than in a sample in which surface conductivity was interpreted to be significant (R ) 1). However, given the very different topology of our bundle of capillary tubes model and the pore space of their dolomite rock samples, we should not expect a close agreement between experimental data and model predictions.
Oil-Wet Capillaries Occupied by Water and a Nonpolar Oil
[32] We now consider oil-wet capillaries saturated with oil and water, with water as the nonwetting phase. This model is applicable to flow in oil reservoirs or contaminated aquifers in which pores contacted by oil have become oilwet [e.g., Anderson, 1986a; Buckley and Liu, 1998 ]. We continue to assume that the oil is nonpolar, so cannot support an excess of charge associated with electrical double layers, and is not electrically conductive. This may not represent real oil-wetting conditions, as many of the hydrocarbon components which cause wettability alteration are also polar [e.g., Buckley and Liu, 1998; Alkafeef and Smith, 2005] . However, it is a reasonable first step.
[33] Only the water phase can support an electrical double layer, which must be adjacent to the oil-water interface; there are no solid-water interfaces. The oil-water interface may be negatively charged, which gives rise to an excess of positive charge Q nww in the water [e.g., Stachurski and Michal -ek, 1996; Beattie and Djerdjev, 2004] . The subscript nww denotes here the nonwetting water phase. We set Q wo = s wo = s swo = 0 which accounts for the nonconductive, nonpolar nature of the oil. The subscript wo denotes the wetting oil phase. To keep the model general, we assume that surface conductivity s snww may be present at the interface between water and oil. The streaming potential coupling coefficient at water saturation S nww = 1 is given by
which, using equations (10) and (15), again yields equation (23) for the coupling coefficient when the water saturation is 1. The relative streaming potential coupling coefficient, which by convention we express in terms of the water saturation S nww , is given by 
Substituting for the relative permeability and electrical conductivity yields equation (26), except that water is now the nonwetting phase. If water is the only phase which hosts excess charge, then equations (23) and (26) describe the streaming potential coupling coefficient regardless of wettability, although the excess charge density in the water in equation (23) will be different from the water-wet case, and the nature of the water relative permeability and electrical conductivity will be different from the water-wet case in equation (26).
[34] Using the same frequency distribution of capillary radii as in section 4.1 (Figure 3) , we find that the relative coupling coefficient exhibits very different behavior in the oil-wet case ( Figure 5 ). The relative importance of bulk and surface conductivity is again investigated by assuming one or the other dominates (Du = 0 or 1; compare solid and dashed lines). Neglecting irreducible water (S nwwirr = 0) we find that regardless of whether bulk or surface electrical conductivity dominates, the relative coupling coefficient increases as the water saturation decreases, rather than decreasing as in the water-wet case (Figure 5a ; compare (30) for different values of m. When m = 0, the capillary radii are uniformly distributed between minimum (r min ) and maximum (r max ) values. As m increases, the frequency distribution becomes skewed toward smaller capillary radii. Many geologic porous media exhibit similarly skewed pore size distributions.
with Figure 4a ). The electrokinetic coupling must be zero at zero water saturation on physical grounds; there is no flow of water and so no streaming current. However, this requires the coupling coefficient to fall sharply to zero as the largest capillary is occupied by oil.
[35] More physically plausible behavior is observed when irreducible water is included in the model. This typically occupies the smallest pores even in oil-wet reservoir rocks, because the rocks were water-wet during the initial displacement of water by oil (primary drainage), and wettability alteration occurred after the reservoir was charged [e.g., Anderson, 1986a; Buckley and Liu, 1998 ]. Similar behavior is observed in contaminated aquifers. We capture this in the model by setting a minimum radius of capillaries r wmin which can be occupied by the wetting phase, yielding an oil-wet model in which the irreducible water occupies the smallest capillaries. The relative coupling coefficient then initially increases with decreasing water saturation, before decreasing smoothly to zero at S nww = S nwwirr . Varying the irreducible water saturation stretches or contracts the curve along the water saturation axis, and also changes the magnitude of the coupling coefficient; as the irreducible water saturation decreases, the coupling coefficient becomes larger in magnitude and falls more sharply to zero at S nww = S nwwirr (Figures 5b-5d) .
[36] The relative coupling coefficient increases relative to the value at saturation S nww = 1 as the water saturation decreases, because mobile water now occupies the largest capillaries, and oil occupies the intermediate capillaries. The smallest capillaries are occupied by irreducible water. As oil Figure 4 . Relative coupling coefficient C r as a function of water saturation S w for a water-wet bundle of capillary tubes occupied by water and a nonpolar phase such as gas, for different capillary radii distributions (m) and irreducible water saturation (S wirr ). A minimum radius of capillaries which can be occupied by the nonwetting phase is chosen to yield an irreducible water saturation of (a) S wirr = 0; (b) S wirr = 0.05; (c) S wirr = 0.1; (d) S wirr = 0.2. The curves in each plot represent the same values of m as shown in Figure 3 . Solid lines denote relative coupling coefficient when bulk electrical conductivity dominates; dashed lines denote relative coupling coefficient when surface electrical conductivity dominates.
occupies progressively larger capillaries, the water saturation, water relative permeability, and electrical conductivity all decrease. However, the increasing capillary occupancy of oil has a more significant effect on the water saturation (which scales as r c 2 ) and electrical conductivity (which scales as r c 2 or r c depending upon whether bulk or surface conductivity dominates) than it does on the water relative permeability (which scales as r c 4 ). Consequently, the streaming current is less affected than the conduction current by the presence of oil. As the water saturation decreases, the relative coupling coefficient therefore increases with respect to the value at saturation S nww = 1.
[37] The irreducible water saturation also affects the coupling; as the irreducible saturation increases, more of the small capillaries are occupied by immobile water. The oil must then occupy larger capillaries, so fewer of these contribute to the streaming current. If bulk conductivity dominates, then the electrical conductivity is not changed; if surface conductivity dominates, then the electrical conductivity is slightly increased, because water occupies larger capillaries with a larger water-oil interfacial area. In both cases, the streaming current is lower, so the relative coupling coefficient decreases as the irreducible water saturation increases.
[38] As m increases and the capillary size distribution becomes skewed toward smaller capillaries (Figure 3) , the relative coupling coefficient is larger for a given water saturation ( Figure 5 ). This is because oil is now held in a larger number of smaller capillaries, while water occupies the largest capillaries. This results in a larger water relative Figure 5 . Relative coupling coefficient C r as a function of water saturation S nww for an oil-wet bundle of capillary tubes occupied by water and a nonpolar oil, for different capillary radii distributions (m) and irreducible water saturation (S nwwirr ). A minimum radius of capillaries which can be occupied by the wetting oil phase is chosen to yield an irreducible water saturation of (a) S nwwirr = 0; (b) S nwwirr = 0.05; (c) S nwwirr = 0.1; (d) S nwwirr = 0.2. The curves in each plot represent the same values of m as shown in Figure 3 . Solid lines denote relative coupling coefficient when bulk electrical conductivity dominates; dashed lines denote relative coupling coefficient when surface electrical conductivity dominates. permeability and hence a larger streaming current. If bulk conductivity dominates, then the electrical conductivity is not affected by the capillary size distribution and remains the same for a given water saturation; if surface conductivity dominates, then the electrical conductivity slightly decreases for a given water saturation as m increases, because of the decreased water-oil interfacial area in the smaller capillaries. Consequently, regardless of whether bulk or surface conductivity dominates, capillary size distributions skewed toward smaller capillaries yield larger relative coupling coefficients in the oil-wet case.
Conclusions
[39] A bundle of capillary tubes is not a good representation of the pore space of most geologic porous media. However, it can be used to provide fundamental insight into the nature of multiphase electrokinetic coupling, and has been applied here to investigate the flow of water and an immiscible second phase. It is shown that the multiphase streaming potential coupling coefficient is the sum of the individual phase contributions. When the second phase is nonpolar and water is the wetting phase, the relative coupling coefficient obtained from the model decreases with decreasing water saturation, and is qualitatively similar to that measured experimentally in water-wet geologic porous media (Figure 4 ) [Revil and Cerepi, 2004; . When oil or another nonaqueous, nonpolar phase is the wetting phase, the relative coupling coefficient increases with decreasing water saturation, before falling sharply to zero at the irreducible water saturation ( Figure 5 ). This behavior has not been predicted previously, and occurs because oil occupies the large capillaries, and has a larger impact on the electrical conductivity than on the water relative permeability. Similar behavior is likely in oil-wet geologic porous media. However, the absolute value of the coupling coefficient in oil-wet media will depend upon the nature and distribution of electrical charge at water-oil interfaces, which is poorly understood. It is likely that the electrokinetic coupling in oil-wet media will be significantly smaller than in water-wet media, because the excess charge density in the water is lower [e.g., Hunter, 1981; Beattie and Djerdjev, 2004; Alkafeef and Alajmi, 2006] .
[40] The relative coupling coefficient predicted by the model depends upon the capillary size distribution, which supports the view of Linde et al. [2007] and Revil et al. [2007] that the coupling coefficient depends on rock type. Moreover, the impact of changing the capillary size distribution depends on the wettability, which suggests that different rock types will respond differently to changes in wettability. However, regardless of the capillary size distribution and wettability, if water is the only phase which supports an electrical double layer, the relative coupling coefficient predicted by the model can be described in terms of the water relative permeability and relative electrical conductivity using equation (26). This expression is the same as that presented by Perrier and Morat [2000] , which was derived for water-wet systems using simple scaling arguments. However, it is different to those presented by Wurmstich and Morgan [1994] , , Revil and Cerepi [2004] , Linde et al. [2007] and Revil et al. [2007] .
[41] Wurmstich and Morgan [1994] and assumed that a nonwetting gas phase in a water-wet system forms bubbles within the pore space. This is appropriate in some geological situations [e.g., Sherwood, 2007] , but not at capillary equilibrium when both phases are continuously distributed throughout the pore space. Revil and Cerepi [2004] , Linde et al. [2007] , and Revil et al. [2007] assumed that the excess charge density can be averaged over a representative elementary volume of the porous medium. The capillary tubes model demonstrates that this is valid for single-phase flow but is not the case for multiphase flow because the pore-scale distribution of excess charge must be accounted for. This in turn depends upon the pore-scale distribution of the fluid phases, which is complex and difficult to predict in real geologic porous media. The pore space topology and pore occupancy of the capillary tubes model is very simple, so some aspects of electrokinetic coupling during multiphase flow in real geologic porous media are not captured. However, what is clear is that the excess charge transported by multiphase flow depends upon the pore-scale distribution and flow of each fluid phase, which has not been recognized previously.
[42] The pore-scale distribution of fluids in geologic porous media is strongly controlled by the topology of the pore space, and the wettability of the pore surfaces. Pores can be water-wet or oil-wet or have neutral wettability [e.g., Kovscek et al., 1993] . Variations in wettability affect the nature and continuity of the electrical boundary layers at solid-fluid and fluid-fluid interfaces, and impact on the hydraulic and electrical flow paths [e.g., Anderson, 1986b Anderson, , 1987 Dullien, 1992] . The capillary tubes model suggests that regardless of wettability, the relative streaming potential coupling coefficient can be predicted in terms of commonly measured petrophysical properties. In this case, the only additional property required to interpret the electrokinetic contribution to spontaneous potential measurements during multiphase flow is the coupling coefficient at saturation S w = 1, which can be measured experimentally [e.g., Morgan et al., 1989; Jouniaux and Pozzi, 1995; Lorne et al., 1999; Revil and Cerepi, 2004] . However, in real geologic porous media, the exact nature of the relationship between the relative coupling coefficient and other petrophysical properties is still poorly understood. A more sophisticated approach to modeling is required, which better captures the pore-scale distribution of fluid phases. Pore network models which incorporate a geologically realistic description of the pore space may deliver this [e.g., Blunt et al., 2002] . Moreover, additional experimental data are essential to supplement the few published studies [Guichet et al., 2003; Revil and Cerepi, 2004; Linde et al., 2007; Revil et al., 2007] .
[43] The capillary tubes model has been used in this paper to investigate multiphase electrokinetic coupling during the flow of water and a nonpolar second phase. However, many oils contain polar hydrocarbon components which may conduct electrical current, support electrical double layers at solid-fluid and fluid-fluid interfaces and cause wettability alteration [e.g., Anderson, 1986a Anderson, , 1986b Buckley and Liu, 1998; Alkafeef and Alajmi, 2006] . Work is ongoing to investigate polar oils, but preliminary results demonstrate that equation (26) must also be modified to account for the oil contribution and suggest that the relative coupling coefficient can be significantly enhanced at low water saturation.
